Analysis of carbon-cobalt thin films using infrared spectroscopy has shown existence of carbon-cobalt stretching mode and great porosity. The Raman spectroscopy and high-resolution transmission electron microscopy have been used in order to investigate the microstructure of the films. These films exhibit complex Raman spectra suggesting the presence of amorphous and crystallized phases. The different fractions of phases and the correlation between the atomic bond structures and the Raman features depend on the cobalt content.
Introduction
In the last years, nanocrystalline magnetic materials made of metallic nanoclusters dispersed in an amorphous matrix have attracted considerable interest owing to their magnetic properties and promising applications as memory units for high-density storage and fundamental research [1, 2] . Hayashi et al. [3] have reported the fabrication and characterization of magnetic thin films of h.c.p cobalt nanocrystals of around 8 nm size encapsulated in graphite-like carbon cages. Due to their ferromagnetic nature, the cobalt grains have great potential for ultra-high-density magnetic recording media.
The incorporation in the carbon network of various metallic atoms, like Ti, Zr, Ta, Cr, Mo, W, Fe, Co, and Ni, is a good alternative to improve the tribological [4] [5] [6] [7] , electric [8] [9] [10] , and magnetic [11] [12] [13] [14] [15] properties of carbon films for various applications as solid lubricant films, microelectrodes, or magnetic films. It has been reported that insertion of metallic atoms in amorphous carbon matrix changes the fraction of Csp 3 -coordinated carbon sites [16] Various techniques have been used to fabricate metallic nanoclusters dispersed in an amorphous matrix; we can mention filtered cathodic vacuum arc [17, 18] , pulsed laser deposition [19] , cosputtering [10, 20] , and dual beam evaporation system [5] . Among these different methods, cathodic arc deposition is widely used [21, 22] ; this technique is characterized by high degree of ionization and great ion kinetic energy and deposition rate. Cathodic arc processes produce unwanted macroparticles in the mm range which are removed from the plasma by a magnetic filter; on the contrary, anodic arc do not suffer from macroparticles contamination, which was the main motivation of using this deposition technique in the present study.
Recently, it has been reported that incorporation of iodine in amorphous carbon [23, 24] and boron in diamond [25] leads to a metal-insulator transition at low temperature. Cobalt-doped carbon thin films at 0.3% cobalt content, deposited by a pulsed anodic electric arc technique, have shown anomalous behaviour on electric and magnetic susceptibility measurements and evidence of metal-insulator transition around 60 K [26] . This work aims at obtaining more information about the correlation between microstructure and features of infrared and Raman spectra of these carbon-cobalt thin films.
Experimental Details
The carbon-cobalt films were deposited by pulsed anodic electric arc system, using graphite rod electrodes of 6 mm diameter. The anode was made of pure graphite rod stuffed with C/Co powder in a hole of 3 mm diameter in the center of the rod. The cathode was made of pure graphite rod. Both purities of graphite and cobalt powder were 99.9%. The anodic arc is triggered when cathode and anode touch each other. The arc current was 70 A, and DC discharge voltage was 40 V with an arc duration of 1 s and pulse repetition rate of 5 Hz. A bias voltage of DC −400 V was applied to the substrate holder. The base pressure of the deposition chamber was 0.1 Pa. The content of cobalt in carbon films was determined by atomic absorption using a Perkin Elmer Analyst 300 apparatus. The cobalt content is monitored by the percentage cobalt in the C/Co powder used to made anode. The thickness of the films was about 400 nm.
The nanostructure of the films were observed by high resolution transmission electron microscopy (HRTEM) equipped with a microanalysis probe at accelerating voltage of 200 kV.
Fourier transform infrared measurements were performed using a Nicolet 510 spectrometer in the 400-4000 cm −1 range. The Raman spectra were recorded by a Jobin Yvon T64000 triple monochromator Raman spectrometer. An argon ion laser with a wavelength of 514.5 nm served as the excitation source. The laser power was limited to 50 mW in order to prevent any material heating and damage. By using an Olympus BX40 microscope with a 50x objective lens, the explored area was limited to 3 μm 2 .
Results and Discussion
The microstructure by HRTEM of doped and nondoped cobalt carbon films exhibits amorphous and crystallized zones which correspond to different phases of carbon. The presence of nanocrystallites of cobalt in doped cobalt samples is clearly evidenced by HRTEM and electron diffraction studies, and confirmed by microanalysis probe data. 5 nm corresponding to a fringe spacing of 0.21 nm close to that of the interlayer separation in c.f.c Co (111). Before starting the discussion on the Raman results, let us examine the features of the infrared spectra in the range 1500-3600 cm −1 with a resolution of 2 cm −1 . We present on Figure 3 the infrared spectra for, respectively, 0%, 0.3%, and 2% cobalt contents. The strong fluctuation of the signal observed up to 1700 cm −1 can be assigned to the electric conductivity of the films. The peak around 1950 cm −1 which does not appear in pure carbon film is attributed to the linear mode of the CoC 3 configuration [27] . A quite surprising behavior is observed for 0.3% cobalt sample compared to that of 2% cobalt sample. Indeed, the intensity of the 1950 cm −1 band is surprisingly lower for the 2% cobalt sample compared to 0.3% cobalt sample. This result suggests that cobalt in this material tends to segregate into clusters when the cobalt content increases. The band around 2350 cm −1 can be attributed to the O-C-O antisymmetric stretching vibration of CO 2 in air. Above 2500 cm −1 , in the region between 2800 and 3100 cm −1 , the wide broad band centered at approximately 2900 cm −1 is due to the C-H vibrational mode and its different configurations [28] . We have performed a computed deconvolution of the experimental infrared spectra in order to assign the different C-H bondings which are reported in Figure 4 . The fact that the intensity of this broad band decreases proportionally with increasing cobalt content suggests that the presence of cobalt in the carbon matrix inhibits the sp 3 -hybridized C-H bonds in accordance with the results previously reported for insertion of metallic atoms in an amorphous matrix [29] . The wide band observed at 3400 cm −1 indicates a contamination of the samples by oxygen or water (which corresponds to the O-H bond-stretching mode).
Micro-Raman spectroscopy is one of the most informative methods for investigation of the microstructure of carbon. It is well known that natural diamond has a single Raman peak at 1332 cm −1 , whereas crystalline graphite has a Raman peak referred to as the G peak around 1580 cm −1 originated from E 2g symmetry of bond-stretching vibrations of sp 2 carbon sites. Nanocrystalline graphite and amorphous carbon have an additional peak referred to as the D peak at around 1355 cm −1 and originated from the A 1g breathing vibrations of the sixfold carbon rings. The D mode is forbidden in an ideal graphite structure, but appears when the disorder increases. It has been reported that the intensity of the D mode varies inversely with grain size of the graphite [30] . The width of the G and D peaks is due to the bond disorder of the sp 2 sites and the G peak is due to all sp 2 sites, while the D peak is only due to the sixfold carbon rings [31] . The position of the G peak moves to 1600 cm −1 when crystallized graphite change to nanocrystalline graphite and shift downwards to 1500 cm −1 for amorphous carbon when a loss of aromatic bonding appears [16] . A T peak due to sp 3 vibrations at around 1060 cm −1 is obtained for UV excitation [32] . In general, an amorphous carbon film has a mixture of sp 3 (diamond like) and sp 2 (graphite like) bonds.
The microstructure of our films was characterized by a micro-Raman spectroscope. The laser beam was focused onto the sample surface using an optical microscope with a magnification of 50x (laser spot area of about 3 μm 2 ). On the surface of the films, some microparticles are visible under the optical microscope ( Figure 5 ). The Raman spectra of the microparticles show two situations some spectra exhibit two bands at 1590 cm −1 and 1350 cm −1 which correspond, respectively, to the G band originated from the E 2g bondstretching vibrations of sp 2 -bonded clusters and the D band from the A 1g breathing vibrations of the sixfold carbon rings ( Figure 5(a) ); the position of the G band is close to that of nanocrystalline graphite of nanometer-sized clusters [16] . For some spectra, the G band is shifted to lower wavenumbers (1470 cm −1 ), suggesting that the sp 2 -bonded clusters are far from the sixfold carbon rings as it happens in fullerene or amorphous carbon [16] (Figure 5(b) ). Let us discuss now the data obtained from the Raman investigation in regions of the surface without microparticles. Figure 6 shows Raman spectrum obtained for a 03%-cobalt-doped carbon thin film.
This spectrum exhibits several overlapping bands in the range 1200-1650 cm −1 . The broad band can be decomposed into subbands at 1215, 1286, 1339, 1443, 1513, 1562, and 1600 cm −1 (Figure 6 ). The peaks at 1562 and 1339 cm −1 are attributed to the D-G pair (D at 1339 cm −1 and G at 1562 cm −1 ) belonging to nanocrystalline graphite clusters. The second D-G pair (D at 1286 cm −1 and G at 1513 cm −1 ) can be assigned to clusters that have a bonding structure rather similar to that of amorphous carbon. The modes at 1215 and 1443 cm −1 can be attributed to Raman shift of C-C and C=C bonds observed in trans-and cis-polyacetylene chains [33] . Finally, the supplementary peak centered around 1600 cm −1 can be identified as a fullerene vibration mode [34, 35] . Similar features associated with mixed structures have also been reported previously for other type of metal doped carbon films (CN x -Ni) [36] . The analyse of the Raman spectra with increasing cobalt concentration can be performed in the framework of the phenomenological threestage model of Ferrari and Robertson [31] . In this model, an amorphization trajectory ranging from graphite to diamond is defined; the Raman spectra of all disordered carbons are classified within a three-stage model of increasing disorder as a function of the G peak position and the relative integrated intensity ratio I D /I G of the D and G peaks. In our samples, the relative integrated intensity ratio I D /I G for the D-G pair attributed to nano-crystalline graphite clusters goes from 0.47 for pure carbon sample to 1.47 for 2% cobalt sample, for the D-G pair attributed to amorphous carbon regions, the I D /I G ratio goes from 0.31 to 0.66 according to the increasing cobalt content. Moreover, the integrated intensities of modes assigned to fullerene and polyacetylene chains tend to increase with the cobalt content of the films. These results suggest that the presence of cobalt in the films modifies the arrangement of the different phases of carbon in the films, increases the disorder of the graphite layer by decreasing the aromatic bonds to the detriment of polyacetylene chains, and favors the growth of fullerene structure.
Conclusion
The correlation between the microstructure by using HRTEM and vibrational properties by using infrared and Raman spectroscopies, of cobalt-carbon thin films obtained by pulsed anodic electric arc system, has allowed us to identify the nature of various bondings which coexist in this material. These films show a complex microstructure composed of amorphous and crystallized zones and cobalt aggregates. We have attempted to determine the evolution of the arrangement of the different phases of carbon as function of the cobalt content in these films.
